Platelet-rich plasma (PRP) is a blood concentrate that is extracted and refined from peripheral blood. Platelets in PRP release several growth factors, such as insulin-like growth factor-1 (IGF-1), platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF), and transforming growth factor-β (TGF-β).[@B1][@B2] Recent studies suggest that growth factors promote tissue repair, bone formation, and regeneration.[@B2][@B3][@B4] As such, PRP has been increasingly used in recent years in the fields of orthopedics, orthopedic arthroscopic surgery, periodontics, maxillofacial surgery, urology, plastic surgery, and sports medicine,[@B5] where it facilitates healing in the tendons, ligaments, and cartilage.[@B6][@B7][@B8] However, although factors that originate from platelet α-granules influence tissue regeneration, catabolic signals from leukocytes may hinder healing in association with inflammatory cytokine expression.[@B1][@B6][@B9] Thus, leukocyte-poor PRP (LP-PRP) preparations are commonly used for therapeutic purposes.[@B10][@B11][@B12]

PRP can be prepared by a single-spin centrifugation protocol or with commercially available kits.[@B13][@B14] LP-PRP produced from peripheral blood is currently used at orthopedic surgical sites, e.g., in operations for knee degenerative arthritis and lateral epicondylar tendinopathy.[@B10][@B11][@B12] Compared with other conventional PRP isolations, LP-PRP requires less blood and preparation time, is relatively affordable, and is easy to utilize, because it takes relatively less centrifuging rpm and time for preparing LP-PRP.[@B15][@B16]

Human fibroblasts play an important role in wound healing.[@B17] Platelets and growth factors, such as PDGF-AB/BB, IGF-1, TGF-β, and VEGF, are known to stimulate fibroblast proliferation and wound healing, respectively.[@B1][@B2][@B6][@B18] As such, the purpose of this study was to assess the positive effects of LP-PRP on human fibroblast proliferation. We also sought to characterize the various factors in LP-PRP that may mediate this effect.

METHODS
=======

Sample Collection
-----------------

Total 49 patients, who underwent surgery for chronic rotator cuff tear at Hallym University Kangnam Sacred Heart Hospital, participated in this study. Patients with malignancy or metastatic disease, acute inflammatory state, traumatic cuff tears, previous transfusion history or PRP treatment were excluded from the study. All participants provided written informed consent for this study. All experiments were performed with human fibroblasts isolated from human rotator cuff tendons with degenerative tears as approved by the Institutional Review Board of Hallym University Kangnam Sacred Heart Hospital (IRB No. 2015-01-01). The isolation protocol has been published elsewhere.[@B19]

Whole blood (16 mL) was collected through a 21-gauge needle from a peripheral vein of 49 participants (35 males and 14 females; mean age, 54.74 ± 16.29 years). Some blood (2 mL) was transferred to a BD Vacutainer serum-separator tube (BD Diagnostics, Franklin Lakes, NJ, USA) for a complete blood count analysis, and the remainder of the obtained blood was used for LP-PRP preparation and analysis.

LP-PRP Preparation
------------------

LP-PRP was prepared using an ACP preparation kit (Arthrex, Naples, FL, USA) according to the manufacturer\'s instructions. Briefly, 13.5 mL of blood mixed with 1.5 mL of anticoagulant citrate dextrose solution A (ACD-A) was transferred to a double ACP syringe, mixed with gentle rotation, and then centrifuged at 380 ×*g* (1,500 rpm) for 5 minutes to separate the red blood cell/leukocyte and plasma-platelet layers. The syringe was carefully removed, and the smaller plunger gently pulled 4 mL of clear yellow-orange LP-PRP ([Fig. 1](#F1){ref-type="fig"}). Due to the cost problem and manual preparation that can cause minimal errors in samples, the most complete nine LP-PRP suspensions were prepared from the 49 donors.

Complete Blood Cell Counts
--------------------------

All LP-PRP and whole blood samples were analyzed for complete blood count immediately after collection with a hematology analyzer (Siemens ADVIA 2120i; Siemens Healthcare Diagnostics, Erlangen, Germany). The relative numbers of platelets, neutrophils, monocytes, lymphocytes, and basophils and eosinophils were determined.

Fibroblast Culture and LP-PRP Treatment
---------------------------------------

Fibroblasts were cultured in Dulbecco\'s modified eagle medium supplemented with 1% antibiotics, including penicillin and streptomycin, and 10% fetal bovine serum in 5% CO~2~ at 37℃.

Cell Proliferation Assay
------------------------

Cell proliferation was determined by water-soluble tetrazolium salt-1 assays and Trypan blue staining. All evaluations were performed three times with three independent experiments. For analysis, fibroblasts were seeded at a density of 7 × 10^3^ cells/100 µL in 96-well plates. The next day, the medium was replaced and 1 × 10^7^/10 µL LP-PRP was added to each well. After culturing for the indicated times, 10 µL of EZ-Cytox reagent (Daeil Lab Service, Seoul, Korea) was added to each well and incubated for 0.5--4 hours at 37℃. The contents of the plates were then mixed thoroughly for 1 minute, and the absorbance at 450 nm was read using a microplate reader (Molecular Devices, Sunnyvale, CA, USA).

Alternatively, LP-PRP-treated fibroblasts were also examined by Trypan blue staining with a cell counter (Luna-II, Logos Biosystems, Anyang, Korea) at the indicated points. The cells were suspended in 100 µL of trypsin-ethylenediaminetetraacetic acid (EDTA), normalized with 200 µL of complete medium containing 10% fetal bovine serum, and then centrifuged at 210 ×*g* force (1,000 rpm) for 5 minutes. The cell pellets were resuspended with 100 µL of Trypan blue stock solution and immediately examined under a microscope using a hemocytometer.

Multiplex Cytokine Assay
------------------------

Multiplex cytokine assays were used to quantify PDGF, IGF-1, TGF-β1, and VEGF levels in LP-PRP. LP-PRP cells were seeded at 1 × 10^5^ cells/well in a 6-well plate. Culture medium (1 mL) was then collected and analyzed using a Milliplex human cytokine/chemokine magnetic panel kit (Millipore, Billerica, MA, USA) according to the manufacturer\'s instructions. We added 25 µL of the samples and 25 µL of beads to each well in a 96-well plate, and the plate was incubated overnight at 4℃. The next day, the contents of the plate were removed, and 25 µL of detection antibodies was added into each well. The plates were incubated for 1 hour at room temperature. After incubation, we added 25 L of streptavidin-phycoerythrin to each well of the plates containing the detection antibodies and added 150 µL of sheath fluid into each well. Finally, we read the cytokine/chemokine concentrations in the plates on a cytometer (Luminex 200; Luminex, Austin, TX, USA).

Period of Monitoring
--------------------

Human fibroblast culture and proliferation were examined at the time of 10 minutes, 30 minutes, 1 hour, 24 hours, day 2, day 4, day 6, day 8, and day 10 after treatment. Growth factors including PDGF-AB/BB, IGF-1, TGF-β1, and VEGF concentration were monitored and compared to evaluate cell proliferation after treatment.

Statistical Analysis
--------------------

Statistical analysis was performed in IBM SPSS ver. 22.0 (IBM Corp., Armonk, NY, USA). Complete blood cell count was compared by paired *t*-test. Fibroblast proliferation was analyzed with Mann-Whitney *U*-tests. The Kruskal-Wallis test, followed by post-hoc Bonferroni corrections, was used to evaluate differences among independent three experiments in cell-proliferation assay. A *p* \< 0.05 was considered significant.

RESULTS
=======

Complete Blood Cell Counts
--------------------------

Compared with whole blood, LP-PRP had a high platelet count (427.61 ± 154.76 × 10^3^/µL) but low leukocyte concentration (2.61 ± 2.26 × 10^3^/µL), as expected. Additionally, LP-PRP showed lower counts of neutrophils, lymphocytes, monocytes, eosinophils, and basophils, as well as lower hemoglobin levels, than whole blood ([Table 1](#T1){ref-type="table"}).

Human Fibroblast Proliferation
------------------------------

Proliferation analysis demonstrated that LP-PRP enhanced fibroblast proliferation. Although no differences in proliferation were observed immediately after treatment, a significant increase was found in treated cells cultured day 4 to day 8 (*p* \< 0.001). Specifically, cell proliferation was most robust on day 6 posttreatment ([Fig. 2](#F2){ref-type="fig"}). There were no significant differences among three times of independent experiments.

Relationship between Cell Proliferation and Growth Factor Secretion in LP-PRP-Treated Fibroblasts
-------------------------------------------------------------------------------------------------

We next investigated cytokine secretion following LP-PRP treatment to determine the mechanism underlying induced fibroblast proliferation. Notably, PDGF-AB/BB secretion peaked immediately after treatment and then gradually decreased over 10 days ([Fig. 3A](#F3){ref-type="fig"}).

IGF-1 was secreted initially at a constant level and then its level increased along with fibroblast proliferation on days 4, 6, and 8 post-treatment ([Fig. 3B](#F3){ref-type="fig"}). TGF-β1 secretion also increased rapidly at the same time that fibroblast proliferation peaked, i.e., on days 4, 6, and 8 ([Fig. 3C](#F3){ref-type="fig"}). In contrast, VEGF secretion rapidly increased 2 days after treatment and was maintained until day 8 ([Fig. 3D](#F3){ref-type="fig"}).

DISCUSSION
==========

PRP is a potential treatment option to stimulate soft tissue healing and regeneration.[@B1] Various PRP preparation kits are commercially available;[@B20] however, the products of each system may result in different therapeutic effects in treated patients due to varying concentrations of leukocytes, platelets, and growth factors.[@B15][@B20]

Our findings show that LP-PRP contains a higher concentration of platelets and lower numbers of leukocytes as compared to whole blood, consistent with previous reports.[@B1][@B13] Increased platelet concentrations convey positive effects on osteoblast and fibroblast proliferation *in vitro*,[@B18] although concentrations \> 2 × 10^5^/µL are required for a therapeutic effect.[@B14]

Our preparation method resulted in a LP-PRP isolate with 2.7-fold fewer leukocytes than in whole blood, similar to other studies.[@B1][@B21][@B22] The leukocyte concentration in PRP correlates with inflammatory cytokine expression;[@B1][@B6][@B9] however, little is known regarding the contribution of leukocytes in PRP to healing.[@B23]

Several human studies have reported the anti-infection activity and immunoregulatory roles of leukocytes in PRP.[@B15] Platelet α-granules contain several growth factors, including PDGF, IGF-1, TGF-β, and VEGF.[@B1][@B2] In our study, LP-PRP-treated cultures demonstrated significant increases in PDGF-AB/BB secretion when compared to untreated controls. This increase was observed before the induction of cell proliferation, suggesting that PDGF-AB/BB acts as an acute phase initiator to boost the production of other growth factors and fibroblast proliferation. PDGF potentiates wound healing by acting as a chemotactic for macrophages and fibroblasts and by inducing glycosaminoglycan and fibronectin deposition to increase cell activity in acute healing.[@B1][@B6] Moreover, PDGF has important functions in many physiological processes, including wound healing and angiogenesis, and plays a synergistic role with other factors such as IGF-1.[@B24][@B25] PDGF also decreases healing time in experimentally induced wounds.[@B26]

In our study, IGF-1 secretion was increased along with fibroblast proliferation from the time of treatment, suggesting that it triggers an increase in other growth factors as an initiator. Alternatively, IGF-1 stimulates collagen production, facilitates tendon healing, and is a potent stimulator of cell proliferation.[@B27] Similarly, TGF-β1 secretion was also increased rapidly at the same time when fibroblast proliferation peaked, which suggests that it stimulates fibroblast proliferation similarly to IGF-1. TGF-β1 is also known to play an important role in wound healing;[@B12] it enhances collagen synthesis and deposition *in vitro*[@B1] and influences fracture healing *in vivo*.[@B1][@B6][@B28] In addition, VEGF secretion in the present study rapidly increased 1 hour after treatment, which suggests that VEGF secretion was influenced by fibroblast proliferation. In healthy adults, VEGF plays a major role in angiogenesis during wound healing and attracts circulating monocytes and neutrophils to injured sites as part of the normal inflammatory response.[@B29] Moreover, VEGF also increases permeability by changing the endothelial cell junction proteins, which could increase the formation of granulation tissue.[@B30] Overall, the results of our study indicate that LP-PRP enhances fibroblast proliferation via PDGF-AB/BB, TGF-β, IGF-1, and VEGF secretion.

Our study had some limitations. First, the sample size was small. Second, we did not determine the optimal concentration of PRP for fibroblast proliferation. Third, we were not able to determine how each growth factor affected fibroblast proliferation. Fourth, in [Fig. 3](#F3){ref-type="fig"}, we included the media only group as a control group. This was because the unit of data was too small as pg/mL, measurement error could not be ruled out; we had to compare with a control group to reduce errors caused by measurement.

Further studies should verify these data, and in the future, *in vivo* research will be needed to better understand the optimal concentration of platelets for fibroblast proliferation.

In addition, there was no comparison between the PRP only group and the LP-PRP group included. But it was expected that the LP-PRP group would show better results in fibroblast proliferation than PRP group because the catabolic effect of leukocyte interferes with cell proliferation. A comparative analysis will be needed through further experiments.

Our study is significant as it was performed in the presence of human fibroblasts, whereas previous growth factor studies were performed without cells. Thus, these data would be far more applicable to subsequent physiological studies to assess the therapeutic significance of LP-PRP therapy. The ultimate purpose of our study was to demonstrate that LP-PRP has a positive effect on wound healing and tissue degeneration. Our primary findings suggest that LP-PRP promotes proliferation in human fibroblasts, which is then potentiated by growth factor secretion; nevertheless, further studies using injured animal models are necessary to validate these findings.

Platelets in LP-PRP release growth factors such as PDGF, IGF-1, TGF-β1 and VEGF. According to our study, these growth factors have a promoting effect for human fibroblast proliferation, one of the important mediators of wound healing. We have analyzed the secretion levels of each growth factors during the study period from 10 minutes to day 10 after fibroblast treatment with LP-PRP and found that there is a positive effect by increasing level of secretion. These results suggest that growth factors derived from LP-PRP enhance the proliferation of human fibroblast, therefore we expect to be able to use LP-PRP injection for therapeutic purpose in diseases such as tendinopathy.
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![Leukocyte-poor platelet-rich plasma (LP-PRP) Arthrex ACP platelet separation system. Blood (13.5 mL) and anticoagulant citrate dextrose solution A (ACD-A, 1.5 mL) were mixed and transferred into a double ACP syringe and centrifuged at 380 ×*g* (1,500 rpm) for 5 minutes to separate the red blood cell/leukocyte and plasma-platelet layers, the latter of which was collected as LP-PRP (about 4 mL).](cios-10-240-g001){#F1}

![(A) Human fibroblast culture and proliferation assay images of fibroblast cultures before and after leukocyte-poor platelet-rich plasma (LP-PRP) treatment. (B) Cell proliferation was examined at the indicated time points by water-soluble tetrazolium salt-1 assay. The LP-PRP-treated group showed the most robust growth on 4, 6, and 8 days. We performed this experiment in triplicate and three times. Values are presented as mean ± standard deviation of triplicate measures in three independent experiments. ^\*^*p* \< 0.001.](cios-10-240-g002){#F2}

![Growth factor concentrations in leukocyte-poor platelet-rich plasma (LP-PRP) platelet-derived growth factor (PDGF)-AB/BB (A), insulin-like growth factor-1 (IGF-1) (B), transforming growth factor-β1 (TGF-β1) (C), and vascular endothelial growth factor (VEGF) (D) were monitored at the indicated time intervals. Values are presented as mean ± standard deviation of triplicate measures in three independent experiments. ^\*^*p* \< 0.001.](cios-10-240-g003){#F3}

###### Complete Blood Cell Counts in Whole Blood and LP-PRP from 49 Participants

![](cios-10-240-i001)

  Variable count (10^3^/μL)   LP-PRP            Whole blood      *p*-value
  --------------------------- ----------------- ---------------- -------------
  Platelet                    427.61 ± 154.76   257.12 ± 86.22   0.000^\*\*^
  Leukocyte                   2.61 ± 2.26       6.96 ± 2.21      0.000^\*\*^
  Hemoglobin                  0.77 ± 1.43       13.71 ± 1.72     0.000^\*\*^
  Neutrophil                  0.74 ± 1.32       4.22 ± 2.03      0.000^\*\*^
  Lymphocyte                  1.86 ± 2.01       1.91 ± 0.64      0.886
  Monocyte                    0.30 ± 0.56       0.52 ± 0.40      0.030^\*^
  Eosinophil                  0.03 ± 0.05       0.23 ± 0.13      0.000^\*\*^
  Basophil                    0.02 ± 0.05       0.06 ± 0.05      0.003^\*\*^

Values are presented as mean ± standard deviation.

LP-PRP: leukocyte-poor platelet-rich plasma.

Statistically significant: ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01.
